Maintenance of a body weight 10% above or below that "customary" for lean or obese individuals results in respective increases or decreases in the energy expended in low levels of physical activity (non-resting energy expenditure, NREE). These changes are greater than can be accounted for by the altered body weight or composition, and are due mainly to altered skeletal muscle work efficiency at low levels of power generation. We performed biochemical analysis of vastus lateralis muscle needle biopsy samples to determine whether maintenance of an altered body weight was associated with changes in skeletal muscle histomorphology. We found that the maintenance of a 10% reduced body weight was associated with significant declines in glycolytic (PFK) enzyme activity and, in particular, in the ratio of glycolytic to oxidative (COX) enzyme activity without significant changes in the activities of enzymes relevant to mitochondrial density, respiratory chain activity, or fuel transport or in skeletal muscle fiber type or glycogen stores. The fractional change in the ratio of PFK/COX activity in subjects following weight loss was significantly correlated with changes in the systemic respiratory exchange ratio (RER) and measures of mechanical efficiency of skeletal muscle at low workloads (pedaling a bicycle to generate 10 or 25 W of power). Thus, predictable changes in systemic skeletal muscle biochemistry accompany the maintenance of an altered body weight and account for a significant portion of the variance in skeletal muscle work efficiency and fuel utilization at reduced body weight.
INTRODUCTION
Maintenance of a body weight 10% below "usual" for a lean or obese individual is accompanied by a reduction in systemic energy metabolism (approximately 300-400 kcal/day less than that predicted solely on the basis of changes in body weight or composition), neuroendocrine function (decreased circulating concentrations of leptin and of bioactive thyroid hormones), autonomic nervous system physiology (decreased sympathetic nervous system tone and increased parasympathetic nervous system tone), and behavior (decreased satiety) that act coordinately to return body weight to its initial level (7, 25, 43, 46, 47, 53, 68) . The changes occur in subjects during maintenance of an elevated body weight following overfeeding involve many of the same systems but are not, in fact, mirror images of the changes following weight loss (7, 25, 43, 46, 47, 53, 63, 64, 68) .
Using the same experimental design described in Methods in which in-patient subjects ingesting a liquid formula diet are maintained at their usual weight and following a 10% weight loss or gain on a liquid formula diet, we have found that experimentally reducing or increasing energy stores (mainly adipose tissue mass) lowers energy expenditure per unit of total metabolic mass by ~15% below or above, respectively, that predicted based on changes in body weight and composition (25). We, and others, have consistently found that the major compartment of energy expenditure that changes following weight loss or gain, is energy expended in physical activity, accounting for the majority of the variance in changes in 24 hour energy expenditure at altered body weight (48, 70). Other compartments of energy expenditure, namely resting energy expenditure and the thermic effect of feeding, are also disproportionately decreased and/or increased following weight gain and/or loss, respectively (4, 8, 25, 47) . However, these changes account for a smaller fraction of the variance in the changes in 24 hour energy expenditure at altered body weight than does energy expended in physical activity. The changes in energy expended in physical activity are not due to changes in time spent in physical activity (25, 48, 71) but are significantly correlated with changes in skeletal muscle work efficiency measured by bicycle ergometry (48).
We hypothesized that a significant fraction of the variance in changes in skeletal muscle fuel utilization and chemomechanical efficiency could be accounted for by changes in skeletal muscle biochemistry and/or molecules known to affect skeletal muscle physiology and to be affected by weight change. We studied the effects of weight loss and weight gain on skeletal muscle fiber type, mitochondrial density, glycogen stores, enzymes involved in transport and oxidation of glucose and fatty acids, (42, 48), and circulating concentrations of adiponectin, triiodothyronine, glucose, insulin, and leptin (6, 13-16, 24, 42, 43, 59, 75) .
MATERIALS AND METHODS
A total of 30 subjects [18 Obese (OB; BMI, (Wt (kg))/(Ht (m)) 2 ) > 30 kg/m 2 ; 8 males and 10 females) and 12 never-obese (NO; BMI < 25 kg/m 2 ; 8 males and 4 females)] subjects were studied at their maximum lifetime weight which they had maintained within a 2 kg range for at least 6 months prior to enrollment (34). All subjects were in good health (including prescreening for evidence of diabetes or impaired glucose tolerance), on no medications, and between the ages of 19 and 45 years. Recruitment procedures and exclusion criteria for these studies, and data regarding the effects of weight change on energy expenditure in some of these subjects, have been previously reported (25, 42, 43) . All studies were approved by the Institutional Review Board and are consistent with guiding principles for research involving humans (58). Written informed consent was obtained from all subjects prior to enrollment.
Subjects were in-patients in the Clinical Research Center at Rockefeller University
Hospital or Columbia Presbyterian Medical Center throughout this study. They were weighed daily at 6AM and were instructed to consume all meals before midnight. As described previously (47), subjects were fed a liquid formula diet [40% of calories as fat (corn oil), 45% as carbohydrate (glucose polymer), and 15% as protein (casein hydrolysate)], plus vitamin and mineral supplements, in quantities sufficient to maintain a stable weight (defined as a mean daily weight variation of less than 10 gm/day for at least 2 weeks). This weight plateau is designated as "Wt initial ".
Following completion of studies at Wt initial , 25 subjects (18 obese, 7 never-obese; 11 males, 14 females) were provided 800 kcal/day of the same liquid formula diet until they had lost 10% of Wt initial . The duration of the weight loss phase ranged from 36 to 62 days. Once 10% weight loss had been achieved, caloric intake was adjusted upwards until subjects were again weight stable for a minmum of 2 weeks as described above. Once weight was stable, all of the studies performed at Wt initial were repeated. This weight plateau is designated as "Wt -10% ".
Five never-obese subjects (4 males and 1 female) were studies at usual weight and following a 10% weight gain that was achieved by providing them with maximum tolerated intake of self-selected foods (generally 5000 to 8000 kcal/day). The period of weight gain averaged 4 to 6 weeks. The formula diet was then reinstated and the quantity adjusted downward to maintain constant body weight. This plateau is designated as Wt +10% . When subjects had been weight-stable for at least 14 days at Wt +10% , all of the studies performed at Wt initial were repeated.
The controlled environment of the clinical research center permits meticulous regulation of subject activity and fitness. Using 24 hour Holter monitoring, we have previously reported that the amount of time that subjects spend in physical activity in this environment is not affected by weight loss, weight gain, or duration of participation in this study (25, 47, 48) . To prevent changes in physical fitness as a result of the 6-7 months in-patient stay, and to insure that subjects did not substantially vary their in-patient physical activity levels during the study, either of which might affect skeletal muscle metabolism/performance, each subject's aerobic fitness was measured by bicycle ergometry upon admission and was then maintained at that level throughout the study. Aerobic fitness was defined as the anaerobic threshold, the point at which pulmonary ventilation increases out of linear proportion to O 2 consumption due to the buffering of lactate by endogenous bicarbonate (20). Supervised exercise (treadmill walking or stationary bicycling) was performed three times per week at specified intensities and durations that were adjusted to maintain each subject's anaerobic threshold at its initial level without adjustment for changes in body weight or composition throughout the study (48).
Subjects underwent the following studies while weight was kept stable (by adjustment of formula diet intake) at Wt initial and Wt -10% or Wt +10% .
1.) Body composition was determined dual energy X-ray absorptiometry (DXA) (37). 7 2.) Twenty-four hour energy expenditure (TEE) was measured by empirical determination of weight-maintenance caloric intake as described above (25, 47). The constancy of body composition, as well as weight stability, was confirmed by demonstrating that the respiratory exchange ratio (VCO 2 /VO 2 ; RER) for subjects at rest in the post-absorptive state was not significantly different from the liquid formula diet "formula quotient" (FQ) of 0.85 (see Results) (25). Since body weight and composition are constant, the energy ingested as liquid formula must match the total daily energy expenditure. We have previously shown that TEE measured by such "caloric titration" is highly correlated with TEE directly measured by the "doubly-labeled water" method (R 2 =0.88) (47). Resting energy expenditure (REE) was measured by indirect (hood) calorimetry. Thermic effect of feeding (TEF) was calculated as calories expended above REE following ingestion of liquid formula calories equivalent to 60% of REE measured from 8-9AM on the day of testing, as previously described (47). Daily energy expenditure above REE and TEF was designated as non-resting energy expenditure (NREE = energy expended above resting in physical activity). NREE was calculated as NREE=TEE-(REE+TEF).
3.)
In vivo skeletal muscle fuel utilization was determined by graded cycle ergometry (51) and magnetic resonance spectroscopy (MRS) (66). After a 10 minute period of accommodation, the subjects pedaled at 60 RPM against graded resistance to generate 10W, 25W, and 50W of power in successive 4 minute intervals using a Sensormedics 880S bicycle and ergometer with electrical braking (52). Oxygen uptake (VO 2 ), carbon dioxide production (VCO 2 ), and the respiratory exchange ratio (RER) were measured continuously (18) 
Calculations and Statistical Analyses
At each level of power generated during bicycle ergometry studies, the proportion of calories expended that were derived from fatty acids versus carbohydrate were calculated from the respiratory exchange ratio (RER) (29).
Between-groups comparisons (obese versus never-obese, male versus female) were made by ANOVA. Within-group comparisons (subjects studied at Wt initial versus same subjects studied at Wt +10% or Wt -10% ) were made by ANOVA with repeated measures.
Before analyses were performed, normality of data distributions was confirmed by WilkShapiro testing. Statistical significance was prospectively defined as P α <0.05. Data were analyzed using Statistica 6.0 software (60).
RESULTS

Stability of Body Weight and Fitness
The mean±S.D. slopes of the regression plots relating body weight to days in the Clinical
Research Center during weight stability were 0.12±2.0 gm/day (range -5.0 to +7.6 gm/day) in subjects at Wt initial ; -0.16±1.9 gm/day (range -4.6 to +6.4 gm/day) in subjects at Wt +10% ; and 0.44±2.1 gm/day (range -5.6 to +2.2 gm/day) following weight loss. RER at rest was not significantly different from the formula diet quotient (FQ) of 0.85 at any weight plateau.
Stability of fitness was determined by measurement of the anaerobic threshold every 2 weeks throughout the study. No significant weight plateau effects on the anaerobic threshold were detected, and values for the anaerobic threshold before and after weight change were significantly correlated (R 2 =0.74, P<0.001), indicating that there were not significant changes in subject fitness due to weight change or hospitalization (see Table 2 ). There was a tendency for the ratio of anaerobic threshold to FFM to increase following weight loss and to decrease following weight gain (see Table 2 ) as was predicted since the anaerobic threshold was maintained at initial absolute levels throughout the study.
In Vivo Bicycle Ergometry
As reported previously (48), the ranges of energy expended to generate 10, 25, and 50W
of power approximate those of exercising at approximately 20%, 30-50%, and > 50% of VO 2 max, respectively. Our results regarding the effects of maintenance of an altered body weight on in vivo bicycle ergometry studies are similar to those reported previously (48).
Maintenance of a reduced body weight was associated with an approximate 15% increase in skeletal muscle work efficiency during exercise to generate 10W (p<0.001) and 25W of power (p<0.01), and with a significant decline in RER only at low workloads (p<0.001 at 10W, p<0.01 at 25W), representing an approximate 12% increase in the fraction of calories derived from the oxidation of fatty acids vs. glucose at 10W (p<0.001 compared to zero) and a 7% increase at 25W (p<0.01 compared to zero) of power generated (see Table 2 , Figures 1-3) . We have previously shown that this effect is still evident even when leg weights were worn by weightreduced subjects to replace weight lost from Wt initial from each leg (by DXA), indicating that changes in fuel utilization and efficiency were not simply a function of decreased leg mass (48).
No significant effect of maintenance of a reduced body weight on muscle efficiency or fuel utilization at a workload of 50W was detected.
Maintenance of an elevated body weight was associated with an approximate 25% decrease in skeletal muscle work efficiency during exercise to generate 10W of power (p<0.05),
and with a significant increase in RER at 10W of power generated (p<0.05), representing an approximate 10% decline in the fraction of calories derived from the oxidation of fatty acids vs.
glucose (p<0.05 compared to zero). No significant effect of maintenance of an elevated body weight on muscle efficiency or fuel utilization at workloads of 25W or 50W was detected.
Subjects underwent prescribed exercise to maintain their anaerobic threshold throughout the study, irrespective of changes in body composition. We regressed changes in the anerobic threshold, both absolute and per unit of FFM, against changes in mechanical efficiency of muscle and fuel utilization of muscle at different workloads to examine the possibility that the increased skeletal muscle work efficiency following weight loss was due to an aerobic training effect (56, 65) even though changes in the anaerobic threshold between study periods were not statistically significant. No significant correlations were noted suggesting that the significant changes observed in chemomechanical efficiency and fuel utilization following weight loss or gain were primarily due to the weight changes rather than any training effects.
When data were analyzed by ANCOVA in which gender, somatotype (obese versus nonobese), and weight plateau were entered as dichotomous variables, no significant effects of gender or somatotype on muscle efficiency or fuel preference were noted.
In Vitro Analysis of Muscle Biopsy Samples
As shown in Table 3 and Figure 1 , maintenance of a reduced body weight was associated with a significant decline in the activity in skeletal muscle of the glycolytic enzyme, PFK, while there was no significant change in the activity of citrate synthase (CS), an indicator of mitochondrial density. The ratio of glycolytic to fatty acid oxidative enzyme activity, expressed as the ratio of PFK to COX, was also significantly decreased following weight loss.
Opposite changes were observed following weight gain (Wt +10% ) in 4/5 subjects, but statistical significance was not achieved, probably due to the small number of subjects (N=5) studied at Wt +10% . No significant effects of altered body weight on fiber type, glycogen stores, or on enzyme activities proportional to mitochondrial density (CS), fatty acid oxidation (COX, HADH), respiratory chain activities (COX/CS ratio), fatty acid transport (CPT1), or glycogen metabolism (PHOS) were noted (see Table 4 ). There was no significant effect of weight perturbation on muscle glycogen content, or the relative proportions of pro-or macro-glycogen.
When data were analyzed by ANCOVA in which gender, somatotype, and weight plateau were each entered as dichotomous variables, no significant effects of gender or somatotype on enzyme activities were noted.
At Wt initial , skeletal muscle work efficiency, but not RER, during bicycling to generate 10W of power, was significantly correlated with the glycolytic to oxidative enzyme activity ratio (PFK/COX) in vastus lateralis muscle (see Figure 2) . At Wt -10% , the percentage change from Wt initial in both skeletal muscle work efficiency and RER during bicycling to generate 10W of power was significantly correlated with the changes in the glycolytic/oxidative enzyme ratio (see Figure 3) . Even though the maintenance of a reduced body weight was associated with significant declines in RER and increases in skeletal muscle efficiency at both 10W and 25W of power generated, the correlations between changes in in vitro studies (RER and efficiency) and in vivo studies (PFK/COX) significant only at 10W of power generated. No significant correlation was noted between PFK activity (which was significantly decreased following weight loss) and work efficiency at initial weight (R 2 =0.10, N.S.) or between fractional changes in PFK activity and fractional changes in skeletal muscle work efficiency (R 2 =0.11, N.S.) or RER (R 2 =0.014, N.S.) following weight loss.
Glucose, Insulin, Triiodothyronine, Adiponectin, and Leptin
In agreement with our previous studies (43), there were no significant effects of maintenance of an altered body weight on fasting insulin or glucose concentrations. Maintenance of a reduced body weight was associated with significant declines in 8AM circulating concentrations of triiodothyronine (T3) and leptin, and a significant increase in 8AM circulating concentrations of adiponectin (ACRP30). Maintenance of an elevated body weight was associated with a significant increase in 8AM circulating concentrations of leptin and a significant decrease in 8AM circulating concentrations of ACRP30 (see Table 1 ). Changes in 8AM circulating concentrations of glucose, insulin, T3, ACRP30, or leptin were not significantly correlated with changes in muscle enzyme activity, mechanical efficiency, or fuel utilization by skeletal muscle.
DISCUSSION
This study is an examination of the effects of maintenance of an altered body weight following diet-induced weight change on skeletal muscle physiology and biochemistry in a population of subjects who were isolated as much as possible from other potentially confounding factors as dietary composition, variations in exercise type and intensity, and dynamic weight loss or weight gain. The major findings of this study are: 1.) Maintenance of a reduced body weight is associated with alterations in muscle enzyme activities in vitro (decreased PFK and decreased glycolytic/oxidative enzyme ratio without significant changes in the activity of enzymes related to fatty acid oxidation, mitochondrial density, substrate transport, or substrate availability); and 2.) These changes in skeletal muscle biochemistry are significantly correlated with in vivo measures of skeletal muscle fuel utilization and chemomechanical work efficiency at low levels of exercise. In addition, we found that there was a significant negative correlation of skeletal muscle work efficiency and the ratio of PFK/COX in subjects at Wt initial (see Figure 2) suggesting that relative glycolytic/oxidative capacity is predictive of muscle efficiency in general (49). This makes sense, since the less efficient myosin heavy chain isoforms preferentially oxidize glucose as fuel and have a higher glycolytic/fatty acid oxidative enzyme ratio (55). The finding that fat oxidation during exercise is increased following weight loss is consistent with other ergometric studies (19, 40) and is most likely reflective of the overall biochemical and molecular changes in skeletal muscle that produce a more chemomechanically efficient organ over weight loss. Overall, however, weight-reduced individuals have lower fat oxidation rates (38, 73). Increasing muscle efficiency during low level exercise combined with an increased propensity to store ingested calories as fat would function coordinately to favor the regain of lost adipose tissue.
Only 5 subjects were studied before and after 10% weight gain. We found a significant decrease in skeletal muscle work efficiency at low levels of energy output (see Table 2 ) and an increase in PFK activity that is not significant (see Table 3 ) in subjects studied after weight gain compared to Wt initial . While these data suggest that maintenance of an elevated body weight may result in reciprocal changes in muscle enzyme activity to those seen following weight loss, the number of subjects studied following weight gain is too small to address this issue. It should be noted in this context that we have previously reported that changes in partitioning of the respective disproportionate decreases and increases in energy expenditure following weight loss and weight gain between REE, NREE, and TEF are not perfectly reciprocal (25, 47).
As shown in Figure 3 , the approximate 25% decline in the ratio of glycolytic (PFK) to oxidative (COX) enzyme activities at Wt -10% , is sufficient to account for a significant portion of the increased skeletal muscle work efficiency and utilization of FFA as fuel during low level exercise observed in vivo following weight loss. Mechanistically, increased use of FFA versus glucose as fuel at low levels of power output following weight loss could be due to an increase in the potential of skeletal muscle to oxidize FFA and/or a decrease in the potential for skeletal muscle to oxidize glucose. Our in vitro analyses of enzyme activities in vastus lateralis muscle indicate that the relative increase in fatty acid oxidation at low levels of muscle power output following weight loss is due to a decrease in the capacity of skeletal muscle to oxidize glucose rather than to an increase in muscle capacity to oxidize fatty acids. This finding is consistent with our previous in vivo 31 P-NMR spectroscopy analyses of skeletal muscle in similar subjects (48) in which we found no significant change following weight loss in the absolute capacity to oxidize fatty acids per se, but an increase in relative capacity to oxidize FFA versus glucose, suggesting that the net effect of weight loss is to decrease skeletal muscle capacity to oxidize glucose. The significant correlations of fractional changes in the PFK/COX ratio -but not PFK or COX alone -with fractional changes in mechanical efficiency of muscle and fuel utilization (RER) during low level exercise suggests that biochemical assessment of the relative capacity of muscle to use glucose or fatty acid as fuel is a better index of the physiological assessment (RER and ergometry) than fractional changes in the activity of either enzyme alone.
We detected these correlations of changes in the biochemical activity of glucose/fatty acid oxidizing enzymes and changes in muscle work efficiency and fuel use following weight change only at low levels of exercise and the effects of weight alteration on in vivo ergometry studies were more significant at 10W than at 25W of power generated. The maximal fatty acid oxidative capacity of muscle is reached at approximately 50%-60% of VO 2 max, depending somewhat upon the subject's level of fitness and muscle fiber type distribution, and is lower than the level at which the maximal rate of glucose oxidation typically occurs (50). Therefore, it is not surprising that correlations of physiological and biochemical assessments of muscle function are most evident at lower levels of exercise characterized by mixed fuel utilization that is not biased by possibly exceeding the maximal fatty acid, but not glycolytic, capacity of muscle. The correlations between skeletal muscle biochemistry and physiology are clearly evident at levels of exercise commensurate with those of daily living, i.e., at levels of exercise that are similar to those at which we detect disproportionate declines in twenty four hour energy expenditure and energy expended in physical activity following weight loss (25, 48), further supporting the hypothesis that skeletal muscle may represent the major "effector" organ for changes in energy output that favor the regain of lost weight (48).
The decline in utilization of glucose as fuel during low levels of muscle work at Wt -10% , and increase at Wt +10% , could also reflect declines in the availability of glucose for oxidation following weight loss and increases following weight gain. In addition to the lack of changes in circulating glucose concentrations following weight loss, our in vitro studies demonstrate that there is no change in intracellular glycogen. However, no direct measurements of blood flow to or within muscle were made.
Changes in muscle substrate preference and mechanical efficiency at low levels of work, could reflect changes in substrate availability (in particular the availability of glucose for oxidation), delivery of substrate to muscle, storage or transport of substrate within muscle, or the activity of the mitochondrial respiratory chain. However, these mechanisms are not likely to be significant contributors to weight-change related alterations in skeletal muscle work efficiency or fuel utilization. Weight change did not alter circulating concentrations of glucose, the quantity of intramuscular glycogen in muscle, the activities of enzymes mediating glycogenolysis (PHOS) or fatty acid transport (CPT1), or capillary density, indicating that there are not major effects of weight perturbation on the availability of glucose or fatty acid to skeletal muscle (see Tables 1,   3 , and 4). The stability of COX activity in muscle, which is the rate-limiting step of mitochondrial electron transport chain activity (41, 67, 74), across multiple weight plateaus and normalized to mitochondrial density as reflected in CS activity, suggests that mitochondrial respiratory chain activity is not affected by weight perturbation (see Table 3 ).
The changes in use of glucose as fuel during low power output by muscle following weight loss or gain are consistent with the hypothesis that there is an increase in the ratio of predominantly fatty acid oxidative type I to predominantly glycolytic type II skeletal muscle fibers following weight loss, and a decrease in this ratio following weight gain. However, we and others (23) have detected no changes in skeletal muscle fiber type following weight change when fiber types are qualitatively identified by histochemical staining for the predominant isoforms of myofibrillar ATPase. This inference does not eliminate the possibility that the maintenance of an altered body weight is associated with molecular changes within specific muscle fiber types.
Possibilities would include shifts in myosin heavy chain (MHC) and sarcoplasmic reticulum Ca ++ -ATPases (SERCA) isoform expression towards more or less efficient isoforms (9, 10, 28, 30, 39, 55, 62, 65). Age-related changes in muscle morphology are an example of this disassociation of changes in MHC isoform expression and fiber type. There appear to be little if any changes in the fractional distribution of muscle fiber types with age, even though type II fibers do tend to become smaller (32). However, there is an age-related decline in MCHII protein content and mRNA expression in muscle and an age-related increase in MHCI protein content in muscle (54).
We also examined circulating concentrations of selected molecules that affect skeletal muscle fuel utilization or efficiency and might be altered as a result of weight loss: leptin, adiponectin (ACRP30) insulin, glucose, and triiodothyronine (T3). Low-dose leptin administration reverses the effects of sustained weight reduction on energy expenditure in humans (42), including changes in skeletal muscle work efficiency and fuel utilization of the sort that are reported in this study. These observations support the idea that the increase in skeletal muscle work efficiency following weight loss may be directly or indirectly leptin-dependent.
Leptin stimulates glucose flux through the Krebs cycle in muscle both directly and indirectly via its effects on thyroid hormones and insulin sensitivity (15, 16, 59) , and also promotes fat oxidation both directly and indirectly via the activation of AMP kinase (33). The lack of significant correlations of changes in circulating concentrations of leptin with changes in muscle physiology and biochemistry does not preclude this possibility. We have previously suggested that leptin may act via a "threshold mechanism" whereby declines in circulating leptin concentrations below a critical level invokes a maximal or near maximal response, i.e., response
is not a dose-dependent phenomenon (2, 42, 45).
Insulin directly increases glucose uptake by muscle and could therefore affect the availability of glucose as a substrate for muscle energy. In addition, insulin infusion promotes both FFA transport and oxidation in vastus lateralis as shown by increased expression of mRNA for CS and COX (neither of which were affected by weight loss in this study) (61). Both weight loss and leptin administration are associated with increased insulin sensitivity (35), potentially resulting in improved delivery of glucose to muscle. Braun et al (12) compared fuel utilization during treadmill exercise in BMI-matched euglycemic overweight women with and without insulin resistance. The more insulin sensitive subjects (analogous to weight-reduced subjects) oxidized more carbohydrate during exercise, suggesting, if anything, that weight-reduced subjects should be more predisposed towards carbohydrate oxidation on the basis of greater insulin sensitivity. It should be noted, however, that all subjects in this study are prescreened for evidence of impaired glucose tolerance or type 2 diabetes and that we have, in this selected population, found no significant effects of weight loss on insulin sensitivity (43). Therefore, no conclusions regarding the importance of circulating glucose and insulin concentrations or changes in insulin sensitivity can be drawn from this data set.
Both circulating concentrations of adipocyte complement-related protein (adiponectin, ACRP30), and adipose tissue adiponectin mRNA expression, are low in obese humans and mice, and are increased following weight loss (6, 75) . In addition to its promotion of insulin sensitivity, systemic administration of ACRP30 to mice increases fatty acid oxidation by muscle via direct activation of multiple protein kinases and PPAR-α (76) . We found no correlations of fractional changes in circulating concentration of ACRP30 to skeletal muscle physiology or biochemistry. However, it should also be noted that ACRP30 forms high, medium, and low molecular weight concatemers in the circulation. The circulating concentrations of the high molecular weight isoform, and its ratio to total ACRP30, which were not measured in this study,
show the best correlations with many aspects of the biology discussed above (36).
Circulating triiodothyronine is decreased following weight loss and increased following weight gain (43) and increases the proportion of the more glycolytic, less chemomechanically efficient MHC2 isoforms in skeletal muscle (13, 14) via an inhibitory response element in the promoter region of MHC1. Changes in circulating concentrations of T3 may constitute a mechanism by which the relative proportion of MHC1 versus MHC2 isoforms in muscle is increased following weight loss and decreased following weight gain. We found no correlation of fractional changes in circulating concentrations of T3 to skeletal muscle physiology or biochemistry, but as with possible threshold effects of leptin described above, this lack of correlation does not necessarily preclude a prominent role for T3 in mediating changes in skeletal muscle that occur following weight loss.
We and others have previously reported that maintenance of a reduced weight is not associated with a decline in time spent in physical activity in in-patients (25, 48) and may in fact be associated with an increase in time spent in physical activity in out-patients (44, 71). The observation that increased skeletal muscle efficiency is evident only at low levels of physical activity suggests other potential mechanisms for the decline in NREE in following weight loss (25, 48). The weight-reduced individual may preferentially spend more time ambulating at workloads that maximize their skeletal muscle efficiency, i.e., that levels of activity performed in non-exercise activity thermogenesis are subtly but significantly altered to conserve energy following weight loss (26). From a therapeutic standpoint, exercise post-weight reduction might be more effective at higher workloads, i.e., that the weight-reduced individual might "escape" this increased efficiency by altering the intensity of exercise even without necessarily increasing the work performed.
Perspectives and Significance
These studies demonstrate that maintenance of an altered body weight is associated with concordant in vivo and in vitro changes in skeletal muscle fuel utilization and work efficiency that favor the return to pre-perturbation levels of energy stores. These concordant physiological and biochemical changes are most evident at low levels of muscle work, i.e., at levels activity similar to those of daily activities. These data suggest possible molecular mechanisms for the specific changes in skeletal muscle work efficiency that are present in individuals maintaining an altered body weight (42, 48). Manipulation of these responses by exercise, pharmacotherapy, or other means might be useful in the treatment of obesity, particularly in improving maintenance of reduced body weight after otherwise successful weight reduction.
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